Abstract. We study the kinetic structure of intense ion-scale current sheets with strong electron currents and the guide field having a bell-shape profile. We consider four crossings of the Earth magnetotail current sheet by the Cluster mission in 2003. The thickness of these current sheets is about the ion inertial length and significantly smaller than the characteristic ion gyroradius. We analyze the asymmetry of the electron velocity distribution functions and show that the electron current is provided by the small electron subpopulation interpreted as an electron beam or two counter-streaming electron beams. The beam (counter-streaming beams) has a bulk velocity of the order of the electron thermal velocity and a density (difference of beam densities) of about 1-5 % of the plasma density. To describe the observed current sheets we develop a kinetic model with particle beams. The model predicts different thickness of the current sheet for different types of current carriers (one electron beam or two counterstreaming electron beams). The observed ion-scale current sheets can be explained assuming that the current is carried by one electron beam and a co-streaming ion beam. Although the ion beam does not carry a significant current, this beam is required to balance the electron current perpendicular to the current sheet neutral plane. The developed model explains the dominance of the electron current and the ion scales of the current sheets.
Introduction
The current sheet (CS) is a critical element of the Earth magnetotail (Ness, 1965 (Ness, , 1969 , where charged particle acceleration and magnetic field energy dissipation occur . Moreover, the CS dynamics determines the evolution of the magnetotail configuration (see, e.g. Sergeev et al., 1993 Sergeev et al., , 2012 Baker et al., 1996) . The local structure of the magnetic field in the CS can be usually described as B = B 0 tanh(z/L)e x + B y e y + B z e z (the GSM coordinate system is used), where L is the CS thickness, B 0 is the magnetic field at the CS boundary, shear (or guide) B y and perpendicular B z components are generally uniform across the CS and significantly smaller than B 0 .
The Cluster mission has substantially advanced the understanding of the CS structure and dynamics Baumjohann et al., 2007) . Asano et al. (2005) and Runov et al. (2006) have shown that the CS structure often cannot be described by the Harris model (Harris, 1962) . On contrary the CS is embedded into the thick plasma sheet (McComas et al., 1986; Petrukovich et al., 2011) . The CS thickness is often about several ion thermal gyroradii . The current is frequently provided by electrons (Israelevich et al., 2008; Artemyev et al., 2009) .
The results obtained by the Cluster mission have stimulated the development of kinetic CS models (see review by . Sitnov et al. (2000) and Zelenyi et al. (2000) have developed a 1-D thin CS (TCS) model assuming that the current is provided by transient (or Speiser) ions (Speiser, 1965) . In contrast to 2-D models with an isotropic pressure tensor (Birn et al., 2004; Yoon and Lui, 2005; Nickeler and Wiegelmann, 2010; Vasko et al., 2013) in the TCS model the magnetic field tension along the x axis is balanced by the ion pressure anisotropy (Eastwood, 1972 (Eastwood, , 1974 . Detailed comparisons with spacecraft observations have shown that the TCS model well describes the CS structure . The observed dominance of the electron current (Israelevich et al., 2008; Artemyev et al., 2009 ) is explained by the Hall effect caused by the earthward electrostatic field (Zelenyi et al., 2010) . The
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corresponding cross-field drift decreases the ion current and increases the electron one.
Until recently, observations have been focused on CSs with a small shear component B y . On the other hand, Cluster data have shown the presence of CSs with a strong shear component (B y ∼ B 0 ) having uniform (Shen et al., 2008a; Rong et al., 2012) or bell-shape (Nakamura et al., 2008; Rong et al., 2012; Grigorenko et al., 2013) profiles. Due to the strong B y the current has a significant field-aligned component. For CSs analyzed by Shen et al. (2008a) , Nakamura et al. (2008) , and the current is generally provided by electrons. The particular feature of CSs reported by Nakamura et al. (2008) and is the CS thickness of about several tenths of the characteristic ion gyroradius. Artemyev (2011) has generalized the TCS model to take into account the strong bell-shape B y . The model assumes that ion beams are the main current carriers and predicts a CS thickness of about several ion thermal gyroradii. Thus, the TCS model is incapable of describing the CSs reported by Nakamura et al. (2008) and . First, the model does not explain the dominance of the electron current. In contrast to CSs with small B y the current in CSs with strong B y is unlikely due to the Hall effect, since the current is generally field-aligned. Second, the thickness of the observed CSs is by an order of magnitude smaller than predicted by the TCS model. Thus, these CSs differ from CSs with small B y having ions for the main current carriers and a thickness of about several ion thermal gyroradii.
The present paper aims at the understanding of the kinetic structure of CSs reported by Nakamura et al. (2008) and . We consider two questions. (1) What is the origin of the field-aligned electron current from the kinetic point of view? (2) What determines the spatial scale of the CS? We analyze electron distribution functions to address the first question, and develop an analytical model to address the second question. We note that CSs analyzed by Nakamura et al. (2008) and have been observed in 2003, when the Cluster spacecraft separation was suitable for observation of CSs with a thickness of about 300 km. These CSs represent only a subclass of CSs with strong B y . The separate study is required for thicker CSs observed by Rong et al. (2012) and Grigorenko et al. (2013) in other periods of the Cluster mission.
The paper is organized as follows. In Sect. 2 we analyze the structure of electron distribution functions. In Sect. 3 we develop the analytical kinetic model and compare it with the Artemyev (2011) model. In Sect. 4 we compare Cluster observations with our model. In Sect. 5 we summarize and discuss our results.
Observations
We consider four CSs (referred to as CSs nos. 1-4) observed by the Cluster mission in 2003 on the following dates: 24 [19] [20] [21] [22] . The detailed analysis of CSs nos. 1-4 can be found in the paper by (called further paper AA2013). Before analyzing electron distribution functions we present an overview of CS no. 4. The following data from the Cluster Active Archive (http://caa.estec. esa.int/caa/) are used: FGM (fluxgate magnetometer) magnetic field with 5 Hz time resolution (Balogh et al., 2001) , CIS (Cluster ion spectrometry)/CODIF (composition and distribution function) proton moments (Rème et al., 2001) , PEACE (Plasma Electron and Current Experiment) electron moments (Johnstone et al., 1997) . We use measurements of the PEACE-HEEA (high energy electron analyser) sensor to obtain electron moments and distribution functions. We have also checked that PEACE-LEEA (low energy electron analyser) sensor give similar values for electron bulk velocities in all investigated CSs. Electron moments (density n e , temperature T e , bulk velocity v e ) and electron distribution functions are provided by C2, while ion moments (temperature T i , bulk velocity v i ) are provided by C1. We assume that the electron density is equal to the plasma density.
Overview of CS no. 4
Figure 1a-c present magnetic field profiles for CS no. 4. The shear component B y is ∼ 30 nT so that B y is unlikely due to the IMF (interplanetary magnetic field) (Fairfield, 1979; Petrukovich, 2011) . The particular feature presented in Fig. 1d is a weak variation of the magnetic field magnitude |B| = (B 2 x + B 2 y + B 2 z ) 1/2 across the CS. The magnetic field magnitude is within the range from 26 to 32 nT. The plasma pressure p 0 = n e (T e +T i ) shown in Fig. 1e is within the range from 0.2 to 0.3 nPa, i.e. p 0 varies weakly as well. The magnetic field in magnetotail lobes B 2 ext = B 2 + 8πp 0 is generally constant in agreement with the vertical pressure balance across the CS. On average B ext is about 38 nT. Panels d and e indicate that the observed CS is almost force-free suggesting the presence of a significant field-aligned current. Figure 1f presents the current density determined via the curlometer technique (Chanteur, 2000) , while Fig. 1g presents fieldaligned j = j B/|B| and perpendicular j ⊥ = |j − j B/|B|| components. The field-aligned component does actually exceed the perpendicular component by a factor of 5.
The study of the CS in the local coordinate system (l, m, n) allows us to find out whether the CS can be locally considered as a 1-D structure. We determine (l, m, n) following Runov et al. (2006) : vector l is along the maximum variance direction determined by the MVA (minimum variance analysis) method (Sonnerup and Cahill, 1968) ; vector m is along the average current density direction and is dashed lines mark the interval used to determine the local coordinate system (l, m, n); (d) the magnetic field magnitude in the barycenter |B| and in the magnetotail lobes B ext ; (e) the electron density and the total plasma pressure p 0 = n e (T e + T i ); (f) the current density determined using the curlometer technique; (g) current density components parallel and perpendicular to the magnetic field; (h, i) magnetic field and current density in the local coordinate system (l, m, n); (j) field-aligned components of the curlometer, ion and electron current densities. perpendicular to vector l; vector n = l × m completes the right-handed system. We use the data within the interval indicated in Fig. 1a Figure 1h , i present the magnetic field in the Cluster barycenter and the curlometer current density in the local coordinate system. The magnetic field B l has the classical profile with a value B 0 ∼ 20 nT at the CS boundary. The shear component B m has the bell-shape profile being ∼ 22 nT at the CS boundary and ∼ 32 nT in the neutral plane (B l ≈ 0). The magnetic field B n is ∼ 4 nT and uniform across the CS. There are two major current density components j l and j m having asymmetric and symmetric profiles relative to the neutral plane, respectively. The current density j n is significantly smaller than j l and j m . Figure 1h , i show that CS no. 4 can be considered as a 1-D structure with variations of B l and B m along vector n. Figure 1j presents the field-aligned components of curlometer, ion and electron current densities. The latter are determined as en e v i and −en e v e , respectively. The curlometer current is generally described by the electron current.
Thus, CS no. 4 is an almost force-free electron-dominated 1-D CS. CSs nos. 1-3 have similar properties being however partially force-free (see paper AA2013). The thickness of CSs nos. 1-4 is about 300 km, that is only about one tenth of the characteristic ion gyroradius. The characteristic plasma density for these CSs is ∼ 0.15 cm −3 so that the CS thickness is about the ion inertial length (see paper AA2013).
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Electron distribution functions
In CSs with small B y the current is in the dawn-dusk direction and is generally perpendicular to the magnetic field . Theory predicts that the electron current is due to the drift motion of the whole electron population, so that the electron distribution function f e (v) is shifted along the v y axis. The distribution function remains symmetric with respect to the drift velocity, v y = v D . Given that the drift velocity is significantly smaller than the thermal velocity, v Te ∼ 16 000 T 1/2 e km s −1 (T e is in keV), the distribution function should be practically symmetric even with respect to v y = 0.
There are two scenarios for the formation of almost field-aligned electron current in CSs with strong B y . In analogy to CSs with small B y the current may be provided by the field-aligned flow of the whole electron population, so that the distribution function remains symmetric with respect to the bulk velocity. On the other hand, the current may be provided by a small subpopulation of electrons (i.e. electron beam/beams). Then, the distribution function becomes in principle asymmetric. To determined the asymmetry of the distribution function with respect to v x = 0 and v y = 0 one can consider phase densities
The regions where phase densities D(v x ) and D(v y ) are positive correspond to the subpopulation providing the current. Figure 2 presents the analysis of electron distribution functions. Four columns correspond to CSs nos. 1-4. The two upper rows present magnetic field and curlometer current density profiles. First, we consider the electron distribution functions in CS no. 4 (the last column). The distribution functions have been measured in points 1, 2 and 3 indicated in the upper panel. Point 2 is located in the neutral plane (where j y has maximum), while points 1 and 3 are located farther from the neutral plane (where j x = 0). Therefore we analyze the distribution function f e (v)dv x dv z in point 2 and the distribution functions f e (v)dv y dv z in points 1 and 3. The three lowest panels present the corresponding distribution functions. The blue regions corresponding to positive phase densities D(v x ) and D(v y ) show that the electron distribution function is asymmetric with respect to v x = 0 as well as v y = 0.
The regions with positive phase densities D(v x ) and D(v y ) may correspond to an electron beam streaming along the magnetic field with a bulk velocity of the order of the thermal velocity v Te . The beam density is proportional to the area of the blue filled region. An estimate of this area shows that the beam density is about 5 % of the plasma density. Alternatively, the beam density can be estimated as ∼ j /ev Te , i.e. we have taken into account that the beam provides most of the current. In CS no. 4 we have j ∼ 40 nA m −2 , T e ∼ 2 keV and n e ∼ 0.15 cm −3 resulting in a beam density of ∼ 0.01 cm −3 or equivalently about 6 % of the plasma density in reasonable accordance with the previous estimate.
The regions with the positive phase densities may also correspond to two counter-streaming electron beams. In this scenario the regions with positive phase densities arise due to different densities of the beams. The bulk velocities of the beams should be approximately equal, since otherwise the region with positive phase densities D(v x ) and D(v y ) would be observed at both sides with respect to v x = 0 and v y = 0.
Figure 2 also presents the analysis of the asymmetry of the electron distribution function in CSs nos. 1-3. The first column presents the distribution functions over v x and v y , i.e. f e (v)dv y dv z and f e (v)dv x dv z , observed at some distance from the neutral plane in CS no. 1. The regions with positive phase densities D(v x ) and D(v y ) can be seen. The second column presents the distribution function over v y observed in CS no. 2 near the neutral plane and the distribution functions over v x observed farther from the neutral plane. The regions of positive phase densities D(v x ) and D(v y ) are present again. The third column shows that there is a small asymmetry of the electron distribution function in CS no. 3. Thus, the distribution functions in CSs nos. 1-3 have the asymmetry similar to the one observed in CS no. 4. The current density profiles presented in Fig. 2 , and the electron temperatures and densities presented in Table 2 in paper AA2013, allow to estimate the beam density (difference of beam densities). We have found that in CSs nos. 1-3 the beam density (difference of beam densities) is about 5.3, 3.7 and 1.3 % of the plasma density, respectively. Thus, the current in CSs nos. 1-4 is provided by a small subpopulation of electrons. The present analysis does not show whether this subpopulation is formed by one electron beam or two counter-streaming electron beams with approximately equal bulk velocities. In the next section we develop the simple analytical CS model demonstrating that the CS thickness turns out to be different for these alternative scenarios.
The analytical model
We consider a magnetoplasma structure with the magnetic field B = B 0 sin(kz)e x + B 0 cos(kz)e y + B z e z .
(1)
Kinetic models of such structures have been developed to describe large-amplitude circularly polarized electromagnetic waves in magnetized plasma (Bell, 1965; Lutomirski and Sudan, 1966; Sonnerup and Su, 1967; Vasko et al., 2014) . The half period kz ∈ [−π/2, π/2] of this structure shown in Fig. 3 represents a force-free 1-D CS with a bell-shape B y . Self-consistent kinetic models allow to determine the CS thickness L = k −1 for specified particle distribution functions. In the absence of electrostatic fields the particle dynamics in the magnetic field (1) can be described using three integrals of motion. We assume that there is no electrostatic field in a rest frame and show in Appendix that the exact charge neutrality may be actually satisfied. The adequacy of this assumption from the point of view of observations is discussed in Sect. 5. The integrals of motion are the particle energy W α , the generalized momentum p y,α and the helical integral I α (Bell, 1965) conserved due to the helical symmetry of the magnetic field (1):
where α = i, e corresponds to ions and electrons, q α , m α are particle charges and masses (q i = −q e ≡ e), α = q α B z /m α is the particle gyrofrequency, v ⊥ = v x e x + v y e y and B ⊥ = B x e x + B y e y . To develop a stationary model, the particle distribution functions are chosen as functions of the integrals of motion. Since p y,α depends on the coordinate x the distribution functions for 1-D CS should be chosen as f α = f α (W α , I α ). In the Appendix we show that distribution functions of this general form allow developing a selfconsistent model of the magnetoplasma structure with the magnetic field (1). The distribution functions f α should satisfy only one condition:
implying the absence of the current along the z axis in accordance with the magnetic field configuration (1). The particular choice of particle distribution functions allows to develop models of electron-and ion-dominated CSs.
We develop these models and obtain estimates of the CS thickness choosing particle distribution functions in the simplest form.
Electron-scale electron-dominated CSs
Let us assume that the current is carried by electrons. The ion distribution function is chosen as f i = f i (W i ). The electron distribution function f e = f e (W e , I e ) is an arbitrary function. For illustration we choose f e in the simplest form:
where s ± , C ± , u ± are constant parameters. This distribution function can be written as a sum f = f + + f − of distribution functions of two Maxwellian beams:
, where n ± , u ± are beam densities and thermal velocities, while the bulk velocity is determined as
The constant parameters s ± satisfy the following inequality s ± > −1, since otherwise the distribution function does not decrease at infinity. We assume that s + is positive so that f + describes the beam streaming from the southern lobe to the northern lobe. On the other hand, f − describes the counter-streaming beam required to balance the current along the z axis, i.e. to satisfy condition (2). This condition implies that n + v z+ + n − v z− = 0 and results in the following relation:
The net current density provided by both beams is
Using Eq. (4) and beam velocities v ± = |v ± | determined by Eq. (3) we exclude parameters s ± from the latter expression and obtain
where n b = n + + n − is the density of both beams, ω b,e = (n b e 2 /m e ε 0 ) 1/2 is the beam plasma frequency (ε 0 is the dielectric permittivity of vacuo). Finally, the Ampere equation rot B ⊥ = µ 0 j ⊥ (µ 0 is the permeability of vacuo) allows to determine the CS thickness:
Ann. Geophys., 32, 1349-1360, 2014 www.ann-geophys.net/32/1349/2014/ where c = (ε 0 µ 0 ) −1/2 is the speed of light. Thus, the CS thickness scales as the inertial length of electron beams and depends on the bulk velocities of the beams. The estimate of the CS thickness can be also expressed in terms of characteristic electron gyroradii, ρ ± = v ± m e /eB 0 (note that this electron gyroradius depends on the electron bulk velocity v ± rather than the thermal velocity u ± and could be called for the sake of brevity a "beam gyroradius"). Equation (3) can be written in the following form:
We exclude parameters s ± using Eq. (4) and obtain the following estimate of the CS thickness:
Comparing estimates (5) and (6) we find that the electron inertial length can be expressed as c/ω b,e = (ρ + ρ − ) 1/2 . Thus, the CS thickness scales as the characteristic electron gyroradius as well. In the particular case of equal bulk velocities of beams, v + ≈ v − , ρ + ≈ ρ − , and different densities,
We can easily take into account the presence of background ions and electrons with distribution functions f α = f α (W α ). The background plasma does not contribute to the current and hence does not influence the estimate of the CS thickness. The density of background populations is uniform.
Denoting the total plasma density (beams plus background plasma) by n e we write the estimate of the CS thickness in the form
where ω p,e = (n e e 2 /m e 0 ) 1/2 is the electron plasma frequency.
Ion-scale ion-dominated CSs
In analogy we develop the model of an ion-scale iondominated CS. The electron distribution function is chosen as f e = f e (W e ). Assuming the ion distribution function f i (W i , I i ) in the from of two counter-streaming Maxwellian beams we obtain an estimate of the CS thickness similar to the previous section (electron parameters should be replaced by ion ones). In particular case, v + ≈ v − , the CS thickness is determined as L = ρ + (n b / n b ), so that the CS thickness scales as the ion beam gyroradius. It is instructive to compare this model with the TCS model developed by Artemyev (2011) . In the TCS model the magnetic field is B = B x (z)e z + B y (z)e z + B z e z , where B x (−z) = −B x (z), B x is uniform at the CS boundary, i.e. B x | z→∞ = B 0 , B y has a bell-shape profile with a constant value at the CS boundary, i.e. B y | z→∞ = const, and magnetic field lines are assumed to be stretched, B z B 0 . In the TCS model the current density is carried by counter-streaming ion beams. The ion population is assumed to be unmagnetized and the ion dynamics is described using quasi-adiabatic invariant (Büchner and Zelenyi, 1989) . The electron population is magnetized and is described in the frame of the MHD (Magnetohydrodynamics) approach.
In contrast to the TCS model the magnetic field in our model is non-uniform at |kz| > π/2 (see Fig. 3 ) and B y is zero at the CS boundary, |kz| = π/2. At the same time in both models the current is provided by counter-streaming ion beams. Thus, the TCS model and our model are similar from the kinetic point of view. Moreover, both models predict the CS thickness of the order of the ion beam inertial length or the ion gyroradius. In contrast to the TCS model, in our model B z has an arbitrary value with respect to B 0 and the electron population is taken into account in the frame of the kinetic approach. Therefore, the developed model complements the TCS model and allows to extend estimates of the CS thickness for the case where the dominant current is carried by the electron population.
Ion-scale electron/ion-dominated CSs
We have assumed heretofore that the current is provided by counter-streaming electron or ion beams. The counterstreaming beam is required to satisfy Eq. (2). Alternatively, Eq. (2) can be satisfied assuming the presence of one electron beam and a co-streaming ion beam. In this subsection ion and electron quantities are denoted by subscripts ± (e.g. m + and m − correspond to ion and electron masses). To develop an illustrative model we choose electron and ion distributions as above in the form of Maxwellian beams:
where bulk velocities are
Densities n ± of ion and electron beams do not necessarily coincide. The exact charge neutrality may be reached by inclusion of background ion and electron populations with appropriate densities (note that densities of background populations with distribution functions f α = f α (W α ) are uniform (see Appendix)).
Equation (2) results in the following relation:
The net current provided by electron and ion beams is
.
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Using Eq. (8) and the expressions for beam bulk velocities v ± = |v ± | we exclude parameters s ± from the latter expression and obtain
In realistic situations we have m + n − + m − n + ≈ m + n − and obtain the following estimate of the CS thickness:
where ω b,i = (n + e 2 /m + ε 0 ) is the ion beam inertial length.
For electron-dominated CSs we have n − v − n + v + and the CS thickness is
In both cases the CS thickness scales as the ion beam inertial length and depends on the relation between electron and ion currents.
Taking into account the presence of the background plasma the estimate of the thickness of the electrondominated CSs can be written as
where ω p,i = (n e e 2 /m i ε 0 ) 1/2 is the ion plasma frequency, n e is the plasma density. The estimate (9) shows that the CS thickness is proportional to the ion inertial length multiplied by two parameters. The first parameter is larger than unity and is determined by the ion beam density. For the beam density of 1-5 % of the plasma density this parameter is within the range 4.5-10. On contrary, the second parameter is small due to the dominance of the electron current. If the electron current is 10-100 times larger than the ion current this parameter is within the range 0.1-0.3. Thus, for more or less realistic parameters the CS thickness is of the order of the ion inertial length.
Comparison between cluster observations and models
The asymmetry of the electron distribution function observed in CSs nos. 1-4 has been ascribed either to one or two counter-streaming electron beams. Our model predicts that the CS thickness scales as the electron inertial length in case of two counter-streaming electron beams and as the ion inertial length in the case of one electron beam and the costreaming ion beam. Thus, the comparison between observations and our model helps to understand the kinetic structure of CSs nos. 1-4.
In the presence of two counter-streaming electron beams with coinciding bulk velocities and different densities the CS thickness is determined by Eq. (7). According to Sect. 2.2 we have n b ∼ 0.01n e for CS no. 3 and n b ∼ (0.03 − 0.05)n e for CSs nos. 1, 2, 4. Therefore, for CS no. 3 we have L ∼ 100(n b / n b ) 1/2 km, while for CSs nos. 1, 2, 4 we have
In Sect. 2.2 we have determined the difference of beam densities n b , while the total density of the beams n b could not be determined. Observations show that the thickness of CSs nos. 1-4 is about 300 km , so that our estimates are in agreement with observations if n b ∼ 10 n b ∼ 0.1n e for CS no. 3 and n b ∼ 30 n b ∼ n e for CSs nos. 1, 2, 4. Thus, the presence of two electron beams seems to be realistic for CS no. 3 and is quite unrealistic for CSs nos. 1, 2, 4.
Let us assume that there is only one electron beam. To balance the electron current along the z axis one requires the presence of a co-streaming ion beam. It seems reasonable to assume that the ion beam density n + is of the order of the electron beam density. Thus, the CS thickness of electrondominated CSs nos. 1-4 is determined by Eq. (9), where according to Sect. 2.2 we have n + ≈ n − ∼ (0.01 − 0.05)n e . Then, the thickness of CSs nos. 1-4 is
, where the ion inertial length for the characteristic density n e ∼ 0.15 cm −3 in CSs nos. 1-4 is about 500 km. The ratio of electron and ion currents is not well-defined due to the smallness of the ion current. However, for a quite reasonable ratio of electron and ion current ranging from about 10 to 100 we obtain a CS thickness of the order of the ion inertial length in agreement with the observations. We conclude that the structure of CS no. 3 can be explained by both scenarios (counter-streaming electron beams or co-streaming electron and ion beams), while the structure of CSs nos. 1, 2, 4 can be better explained assuming the presence of one electron beam and a co-streaming ion beam.
Discussion
We have analyzed the structure of CSs with strong B y reported earlier by . The observation of one similar CS has been presented by Nakamura et al. (2008) . The peculiar features of these CSs is the dominance of the electron current and the thickness of about the ion inertial length (but only several tenths of the characteristic ion gyroradius). We have answered both questions posed in the Introduction. (1) What is the origin of the field-aligned electron current from the kinetic point of view? (2) What determines the spatial scale of the CS? We have shown that the electron current is provided by the electron beam (or beams for CS no. 3) streaming along the magnetic field with velocities of the order of the thermal velocity and having density (difference of densities) of about 1-5 % of the plasma density. We have developed a simple analytical model demonstrating that a co-streaming ion beam for CSs nos. 1, 2, 4 (or counter-streaming electron beam for CS no. 3) should be present. The ion beam is required to balance the electron current perpendicular to the CS neutral plane. The CS thickness predicted by the model is in agreement with observations. We have not analyzed the asymmetry of ion distribution functions to prove experimentally the presence of co-streaming ion beams. In fact, the method of the asymmetry analysis used in the present paper for electrons is not likely appropriate for ions due to smallness of the ion current.
The CSs reported by Nakamura et al. (2008) ; form only a subclass of CSs with strong B y . First, in these CSs the shear component B y has a bell-shape profile (CSs with uniform B y profile have not been discussed in this paper). Second, these CSs are very thin (observed by Cluster in 2003) and hence very intense. Such thin and intense CSs are usually formed in the vicinity of the reconnection region explaining the presence of electron and ion beams reported in the present study. Shen et al. (2008b) , Rong et al. (2012) , and Grigorenko et al. (2013) have reported observation of CSs with strong uniform/bell-shape B y with larger thickness. The investigation of properties of these CSs requires a separate study. The model developed in the present study can be also useful for such analysis.
The kinetic CS models taking into account the presence of the guide field have been developed in numerous studies (Roth et al., 1996; Harrison and Neukirch, 2009; Panov et al., 2011; . However, in these models the magnetic field B z is zero, while this component is always present in the Earth magnetotail. There are only few kinetic models describing CSs with strong uniform/bell-shape B y and non zero B z . Artemyev (2011) and Mingalev et al. (2012) have developed the TCS model with strong bell-shape B y and small B z . The kinetic models of CSs with strong uniform B y have not been developed yet. The development of CS models with strong B y is important not only for the description of CSs in the Earth magnetotail. CSs with strong bell-shape B y are frequently observed in the Jovian magnetotail (Behannon et al., 1981; Artemyev et al., 2014) .
In the present paper we have developed a rather simple analytical model having several advantages with respect to the TCS model. First, in this model both electrons and ions are considered in the frame of the kinetic approach. We have considered the cases when the current is carried by counter-streaming electron beams, counter-streaming ion beams, an electron beam and a co-streaming ion beam. In the TCS model the current is always assumed to be carried by counter-streaming ion beams (Artemyev, 2011) . The kinetic description of electron and ion populations is important for our analysis, since the CS thickness can be determined only in the frame of the kinetic approach. Second, in the developed model the B z component can be arbitrary large. On the other hand, the developed model is not sufficiently flexible, since the magnetic field has a specific prescribed configuration (1). Thus, the development of CS models with strong uniform/bell-shape B y with a more flexible magnetic field configuration is required.
In the developed class of models the densities of beams and background populations are uniform across the CS. We have chosen these densities so that the exact charge neutrality is satisfied. As a result the plasma polarization does not occur and the corresponding electrostatic field is absent. In observed CSs the charge neutrality may be satisfied only approximately resulting in the appearance of the electrostatic field directed perpendicular to the CS neutral plane (approximately along the z axis). A sufficiently strong electrostatic field violates the conservation of the helical integral. Thus, our model cannot be straightforwardly generalized to take into account polarization effects as in 1-D models of tangential discontinuities (B z = 0) (Yoon and Lui, 2004; . The development of 1-D CS models with B z = 0, the bell-shape B y and taking into account possible polarization effects presents significant interest. At the same time, such models could not be completely verified using currently available experimental data, since electric field E z is not reliably measured by the Cluster spacecraft. Finally, we note that our model being rather simplified describes well the magnetic field distribution and the structure of the electron distribution functions in observed CSs.
Conclusion
The results of the present study are summarized below 1. In the analyzed CSs the electron distribution function has an asymmetric structure attributed to the presence of an electron beam (two counter-streaming electron beams) with a bulk velocity of the order of the thermal velocity and a density (difference of densities) of about 1-5 % of the plasma density.
2. We have developed an analytical model of the force-free 1-D CS with bell-shape B y and a finite B z . The developed model well describes the properties of observed CSs (the observed CS thickness, the dominance of the electron current).
3. In case of one electron beam the model predicts the presence of a co-streaming ion beam required to balance the electron current perpendicular to the CS neutral plane. 
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